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Simple Summary: An abnormal alpha-fetoprotein (AFP) test is often associated with hepatocellular
carcinoma (HCC) development, although as many as 40% of HCC diagnoses are made in the absence
of an abnormal AFP test. In Japan and other Asian countries, Lens culinaris agglutinin-reactive AFP
fraction (AFP-L3) and des-gamma-carboxy prothrombin (DCP) are used in combination with AFP
for HCC diagnosis. Combined testing with all three biomarkers increases early diagnosis in addition
to providing a patient-specific profile of HCC aggressiveness. The utility of AFP, AFP-L3, and DCP
for HCC prognosis in the bridge to liver transplantation has not been established. The goal of this
study is to define prognosis to first-line HCC treatment and the risk of progression prior to liver
transplantation associated with biomarker profile at diagnosis. Biomarker profiling may have future
implications in precision therapeutic management of HCC as a bridge to transplantation.

Abstract: The biomarkers a-fetoprotein (AFP), Lens culinaris agglutinin-reactive AFP fraction (AFP-
L3), and des-y-carboxy prothrombin (DCP) have emerging implications in hepatocellular carcinoma
(HCC) surveillance, overall prognosis, and post-surgical recurrence risk. This retrospective study
investigated treatment and bridge to liver transplant (LT) prognosis associated with AFP, AFP-
L3%, and DCP biomarker profiles prior to liver-directed therapy (LDT). In a 140-patient cohort,
each biomarker was associated with HCC progression risk using the established thresholds of
AFP > 20 ng/mL, AFP-L3 > 15%, and DCP > 7.5 ng/mL. Over 60% of the cohort expressed at
least one biomarker at baseline. Although most biomarker-positive patients expressed the clinical
standard AFP (57/87), only 32% were positive for AFP alone. Biomarker accumulation increased
HCC progression risk but was not associated with demographic factors or preserved liver function.
Biomarker triple negative patients had smaller index HCC (p = 0.003), decreased multifocal burden
(p = 0.010), and a higher objective response rate (ORR, 62% compared to 46%, p = 0.011). Expressing
all three biomarkers at baseline was associated with dismal first-line ORR (12%) with a median time
to progression (TTP) of only 181 days post-LDT. Patients with triple negative status for the HCC
biomarkers AFP, AFP-L3%, and DCP have the highest first-line ORR with < 5% HCC progression
1-year post-LDT. Biomarker profiling can establish baseline prognosis for identifying optimal bridge
to LT and downstaging to LT candidates with triple negative biomarker status and providing an
ideal post-LDT target as a compliment to radiographic response.
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1. Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related deaths. In
patients with end-stage liver disease due to cirrhosis, liver transplantation (LT) provides
the only curative treatment option to treat both the underlying disease and malignancy [1].
Alpha-fetoprotein (AFP) is the most widely utilized biomarker for HCC surveillance and
monitoring response to liver-directed therapy (LDT). The AFP expression level has been
linked to HCC progression risk, waitlist and overall survival, and recurrence-free survival
after the resection of LT. With active HCC surveillance in patients with cirrhosis, AFP levels
at diagnosis continue to trend lower, with many recent studies reporting interquartile
ranges of AFP < 20 ng/mL [2,3]. Declining baseline AFP levels after the diagnosis of
early-stage HCC have led to a concomitant decline in the threshold levels associated with
the risk of HCC progression (AFP > 8-20 ng/mL) [4]. Although historical AFP levels are
still prevalent in the literature (>100 ng/mL [5] and >400 ng/mL [6]), their ability to assess
prognosis in the current landscape of early-stage HCC is limited. With AFP-based risk
thresholds in early-stage HCC approaching the upper levels of normal (8 ng/mL), there is
a need for new biomarkers associated with aggressive HCC biology and progression risk
following LDT.

Lens culinaris agglutinin-reactive AFP fraction (AFP-L3) and des-y-carboxy prothrom-
bin (DCP) have emerged as biomarker candidates that increase the sensitivity for detecting
HCC in combination with AFP. AFP-L3 is a fucosylated glycoform of AFP produced exclu-
sively by malignant liver cells. DCP is a prothrombin variant that lacks post-translational
carboxylation of glutamate residues due to impaired carboxylase activity in HCC. In Japan
and other parts of Asia, AFP-L3 and DCP have been utilized for decades in the surveillance
and management of HCC [7,8]. In expansive retrospective analysis, studies from these
regions have validated AFP, AFP-L3, and DCP levels as risk factors for recurrence post-
resection as well as recurrence-free survival outcomes across the spectrum of non-surgical,
locally advanced, and intermediate to advanced HCC [9-17]. More recently, the AFP,
AFP-L3, and DCP panel was validated as an effective strategy to assess HCC recurrence
risk in the preoperative setting before LT [18,19].

Although AFP, AFP-L3, and DCP profiles have been intimately linked with aggressive
HCC biology over the past three decades, most of these studies have focused on very early
(BCLC-0), resectable HCC and palliative management of intermediate-advanced (BCLC C-D)
HCC. The utility of AFP, AFP-L3, and DCP in LT for HCC has not been established [20], and
recommendations for their application in HCC management are absent in the 2018 guidelines
of the American Association for the Study of Liver Diseases [21]. Currently, AFP remains the
clinical standard biomarker for assessing biological aggressiveness and the risk of disease
progression in bridge to LT, early-stage HCC.

To address the role of baseline biomarker expression and LDT outcomes in early-stage
HCC, we prospectively enrolled newly diagnosed patients scheduled to receive LDT as
a bridge to LT. Baseline AFP, AFP-L3, and DCP levels were measured prior to LDT with
patients analyzed according to their cumulative expression of the biomarkers. Baseline
factors associated with the accumulation of biomarkers were investigated along with the
role of the biomarkers in the objective response rate [1] to LDT and HCC progression risk.

2. Materials and Methods
2.1. Study Design, Setting, and Participants
This study was conducted in accordance with the ethical guidelines set forth by the

Declaration of Helsinki. This study was approved by the Ochsner Health Institutional
Review Board (study number 2016.131.B). Informed consent was obtained from patients
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participating in the observational prospective biomarker cohort study. An initial pilot
cohort of patients with baseline biomarker data, defined as a binary variable of 0-1 or 2-3
positive biomarkers, and reaching primary endpoint of HCC progression or LT (1 = 34) was
utilized to power the current study. Using a dichotomous endpoint and two independent
sample analyses at alpha 0.05 and beta 0.05, a sample size of n = 33 was obtained. The study
was designed as a single-center, prospective study in patients receiving first-line LDT at a
tertiary liver transplant center (Ochsner Multi-Organ Transplant Institute, New Orleans,
LA, USA). The Ochsner Multi-Organ Transplant Institute is a high volume, short wait-time
center. Inclusion criteria were a diagnosis of HCC based on the Liver Imaging Reporting
and Data System (LI-RADS) and/or biopsy with a pending appointment to receive LDT
as a bridge or downstage to LT in accordance with current American Association for the
Study of Liver Disease guidelines [21]. Informed consent was obtained from patients prior
to receiving LDT, with enrollment dates between August 2016 and October 2020. Patients
on anticoagulant therapy prior to LDT were retroactively excluded from data analysis due
to therapy-linked elevations in DCP. A breakdown of the cohorts used in this study is
summarized in Figure 1.

Single Center HCC Biomarker Cohort,

2016 — 2020 (n = 144)

Excluded (n = 4)
» Warfarin use prior to treatment

Time to Progression Analysis (n = 140)

A

A

Excluded (n = 4)
* No post-treatment follow-up imaging

First Line Treatment Response Analysis (n =136)

Excluded for Outcomes Analysis
+ Waitlist Active (n = 235)
» Censored (n = 34)

Bridge to Transplant Outcomes Analysis (n = 81)
ROC Curve Analysis of Biomarker Thresholds (n = 81)

Figure 1. CONSORT Diagram of the Study Cohort. Outline of a single center retrospective analysis of prospectively collected

data to assess time to progression and outcomes associated with expression of the AFP, AFP-L3, and DCP biomarkers.

2.2. Data Sources and Variables

Patient demographics, liver disease etiology, and pre-LDT laboratory values were
extracted from the electronic medical record. Serum AFP biomarker values were obtained
as part of routine standard of care and reported at the time of HCC diagnosis. Radiographic
assessment of HCC burden was obtained from the multidisciplinary HCC board reports
prior to LDT. Time to progression (TTP) was evaluated from date of first-line LDT to
primary endpoint of dropout due to HCC progression censoring for LT. Patients declined
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for continued LDT as a bridge to LT for reasons not attributable to HCC progression were
censored on the date of the corresponding multidisciplinary HCC board decision. Patients
remaining who remained active bridge to LT candidates under LT evaluation or on the LT
waitlist were censored at the time of final data analysis.

2.3. Liver-Directed Therapy and Bridge to Transplant

First-line LDT modality was selected by the multidisciplinary HCC board. The board
consisted of LT surgeons, hepatologists, and interventional radiologists with selection
based upon performance status as well as characteristics related to size and location of
the HCC. Institutional criteria for LDT were (a) Barcelona Clinic Liver Cancer Stage A/B,
(b) Child-Pugh A/B, (c) non-resectable HCC, (d) without main portal vein thrombus or
extrahepatic metastasis, (e) total bilirubin <4 mg/dL, (f) serum creatinine concentration
<1.5 mg/dL, and (g) absent gross ascites by ultrasound or CT. First-line LDT included
drug-eluting embolic transarterial chemoembolization (DEE-TACE), Yttrium transarterial
radioembolization (*°Y), or percutaneous microwave ablation (MWA). DEE-TACE was
performed using 100-300 pm drug-eluting beads (LC Bead, BTG, England) loaded with
50 mg doxorubicin per vial. All vessels feeding the areas of tumor were treated prior
to follow-up imaging. Y was performed as a 2-phase treatment, including a mapping
angiogram with calculation of lung shunt fraction followed by *°Y glass microsphere
infusion (TheraSphere; Boston Scientific, Marlborough, Massachusetts) [22]. Mapping
angiography included vascular evaluation of the celiac artery, superior mesenteric artery,
proper hepatic artery, and all feeding hepatic arteries to the areas of tumor. During
treatment, all feeding vessels to areas of the tumor were treated with target radiation
doses greater than 200 Gy. Ablation was performed using a high-powered, gas-cooled,
multiple antenna-capable system (Neuwave Medical, Madison, WI, USA). Duration of
treatment and power application were determined by the performing physician at the time
of treatment and based on manufacturer guidelines with adjustments made for the tumor
size or proximity to vulnerable structures.

The study period overlapped a change in the institutional algorithm for first-line treat-
ment of HCC. Patients receiving first-line LDT in 2016 received DEE-TACE. From 2017 until
study conclusion, the institutional algorithm was MWA for an ablatable index HCC <3 cm
with Y as first line for non-ablatable index HCC. Patients with contraindications for both
MWA and *°Y received DEE-TACE as first-line LDT.

First-line response to LDT was evaluated as defined by the Response Evaluation
Criteria in Solid Tumors modified for HCC (mRECIST) in all patients with follow-up
imaging [23]. Assessment of mRECIST was modality-dependent with follow-up imaging
at 30 days (DEE-TACE) or 60 days (**Y and MWA). In patients receiving sequential LDT
to the index lesion without intermittent imaging follow-up, the mRECIST was evaluated
following the final treatment in the sequence. Treatment track after follow-up imaging
was dictated by the multidisciplinary HCC board and mapped to the following treatment
tracks: (a) satisfactory response to treatment or successfully downstaged to within Milan
Criteria with recurring 3 month surveillance until LT, (b) repeat treatment of the index
HCC or non-index burden as a continued bridge to LT, (c) met study criteria for censoring
for reasons not attributable to HCC progression beyond Milan Criteria, or (d) declared
no longer a transplant candidate due to HCC progression or failure to downstage within
Milan Criteria with referral for advanced stage treatment.

2.4. Biomarker Measurements

Blood specimens for biomarker analysis were obtained immediately prior to LDT on the
day of procedure. Blood was collected into sodium citrate tubes and immediately processed
to obtain cell-free plasma. AFP, AFP L3%, and DCP levels were then analyzed using the
uTASWako i30 (FUJIFILM Wako Diagnostics, Mountain View, CA, USA). Analyte pherograms
were validated using Owlet software (FUJIFILM Wako Diagnostics, Mountain View, CA, USA)
by an instrument specialist blinded to the purpose of the study. Minimum detectable ranges
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were AFP > 0.3 ng/mL, AFP-L3 > 0.5%, and DCP > 0.10 ng/mL. Biomarker values at the
minimum of detection were recorded as the minimum value.

2.5. Statistical Analysis

The central tendency for continuous variables was reported as the median and interquar-
tile range. Categorical variables are summarized as the number of individuals matching
the criteria and percentage with respect to the total cohort. Linear regression of continuous
variables was performed in SAS JMP version 13.0 (SAS Institute, Cary, NC, USA) with log
transformation and plotted with GraphPad Prism (San Diego, CA, USA) with coefficient of
determination (R2). In outcomes analysis, only patients with an endpoint of transplantation
or HCC progression were included in the analysis. Outcome analysis was performed using
logistic regression of the continuous biomarker values followed by analysis for maximum
area under the curve using the receiver operating characteristic (ROC) curve in SAS JMP.
Kruskal-Wallis H test was used for nonparametric significance testing of continuous vari-
ables between multiple groups. Categorical variables were analyzed using Fisher’s Exact
Test (binary variables) or Likelihood-ratio Chi-square (more than 2 levels). Multivariate
analysis of factors associated with TTP was performed using the Cox proportional hazards
model to identify hazard ratio [3] and 95% confidence interval. Univariate factors with a
significance level <0.100 were included in the multivariate model. Absolute AFP-L3 signifi-
cantly correlated with total AFP and was therefore excluded from multivariate analysis
(Supplementary Figure S1A).

3. Results
3.1. Cohort Baseline Overview, Response to First-Line LDT, and Primary Study Outcomes

The study cohort included 140 patients with recently diagnosed HCC scheduled to
receive LDT. The cohort was predominantly Caucasian/White and male with a median
age of 63 years (Table 1). Cohort medians for liver functional labs and Model of End-Stage
Liver Disease (MELD-Na) score reflect well-compensated cirrhosis in early-stage HCC with
Hepatitis C virus as the primary etiology of cirrhosis. The cohort was predominantly within
Milan Criteria with a median index HCC 2.9 cm in diameter. Median AFP at diagnosis
was 13 ng/mL, slightly above the normal range (8 ng/mL), with minimal change from
diagnosis to pre-procedure (median AFP 12.9 ng/mL). Further, there was a significant
correlation (p < 0.001, R2 0.88) between AFP measured in the serum at the time of diagnosis
and AFP measured in the plasma pre-LDT (Supplementary Figure S1B). Median AFP-L3
(7% AFP-L3 fraction) and DCP (3.1 ng/mL) were both below the manufacturer-specified
level for a positive test when utilized as an HCC surveillance assay (10% and 7.5 ng/mL,
respectively).

DEE-TACE and 90Y were the most frequently utilized first-line LDT, with 73/120 (61%)
patients with follow-up imaging having an objective first-line response (combined complete
and partial response rate). Disease progression following first-line LDT was observed in
34/120 (28%) patients. Follow-up imaging was not available in 20/140 (14%) patients.

Cohort status toward the primary endpoint at the time of data analysis is summarized
in Table 2. In the 140-patient study cohort, 41/140 (29%) were successfully bridged to LT,
with 25/140 (18%) remaining active bridge to LT candidates. In the 34/140 (24%) study
participants censored for survival analysis, the majority either declined LT listing with a
minimum 1-year sustained complete radiographic response to LDT or were lost to follow-up
post-treatment. In the 40/140 (29%) patients with HCC progression precluding continued LDT
and LT waitlisting, the majority experienced growth of the index lesion or new intrahepatic
HCC burden post-LDT resulting in progression beyond Milan Criteria for LT.
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Table 1. Bridge to Transplant Cohort Demographics, Baseline End-Stage Liver Disease Factors,

and Tumor Characteristics.

General Demographics

Cohort (n = 140)

Legal Sex, male (%) 104 (74.2)
Age at LDT, years (IQR) 63 (59-66)
Race, 1 (%)

African American/Black 38 (27.1)
Caucasian/White 93 (66.4)
Other 9 (6.4)
Cirrhosis Background

Etiology, 1 (%)

ALD 14 (10.0)
HCV 82 (58.6)
HCV/ALD 14 (10)
NASH 19 (13.6)
Other 11 (7.9)
HCV Status, 1 (% of cohort) 96 (68.6)
Viremic, n (% of HCV) 55 (57.3)
SVR, 1 (% of HCV) 41 (42.7)
Liver Function Labs

Sodium, mM (IQR) 139 (137-140)
Creatinine, mg/dL (IQR) 0.9 (0.8-1.1)
Bilirubin, mg/dL (IQR) 1.1 (0.6-1.6)
INR, ratio (IQR) 1.1 (1.0-1.2)
MELD-Na, score (IQR) 11 (8-13)
Albumin, g/dL (IQR) 3.4 (3.7-2.9)
Radiographic HCC Burden

Multifocal, 11 (%) 30 (21.4)
Largest lesion, cm (IQR) 2.9 (2.3-3.8)
Milan Criteria, 1 (%) 115 (82.1)
Circulating HCC Biomarkers

Serum AFP (diagnosis), ng/mL (IQR) 13 (5.1-79)

AFP (pretreatment), ng/mL (IQR)

AFP-L3 Fraction (pretreatment), % (IQR)
Absolute AFP-L3 (pretreatment), ng/mL (IQR)
DCP (pretreatment), ng/mL (IQR)

12.9 (3.7-81.2)
11.1 (5.4-22.3)
1.4 (0.4-14.6)
3.1 (0.8-10)

Liver-Directed Therapy

First-Line Treatment, date (range)

8/30/16-10/16/20

Treatments to Endpoint, median (IQR) 2 (1-2)
First-Line Modality, n (%)

DEE-TACE 54 (38.6)
N0y 54 (38.6)
MWA 32 (22.9)
mRECIST

Response Level, n (%)

Complete 66 (47.1)
Partial 19 (13.6)
Stable 13 (9.3)
Progression 38 (27.1)
No Follow-up Imaging 4(2.9)

Abbreviations: End-Stage Liver Disease (ESLD), Hepatocellular Carcinoma (HCC), Interquartile Range (IQR),
Alpha-Fetoprotein (AFP), Lens culinaris Agglutinin-Reactive Alpha-Fetoprotein (AFP-L3), Des-Gamma-Carboxy
Prothrombin (DCP), Drug-Eluting Embolic Transarterial Chemoembolization (DEE-TACE), Yittrium-90 Radioem-
bolization (*°Y), Microwave Ablation (MWA), Modified Response Evaluation Criteria in Solid Tumors (mRECIST),
Liver-Directed Therapy (LDT), Interquartile Range (IQR), Alcoholic Liver Disease (ALD), Hepatitis C (HCV),
Non-Alcoholic Liver Disease (NASH), Sustained Virologic Response (SVR), International Normalized Ratio (INR),

Model of End-Stage Liver Disease (MELD-Na).
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Table 2. Bridge to Transplant Cohort Outcomes.

Status at Data Analysis, n (% of total) Cohort (n = 140)
Active 25 (17.9)
Censored 34 (24.3)
Bridged to Liver Transplant 41 (29.3)
Tumor Progression 40 (28.6)
Censoring Event, n (% of subgroup)

Declined Listing with Sustained Complete Response > 1 yr 12 (35.3)
Lost to Follow-Up 13 (38.2)
Deceased 5(14.7)
Other 4 (11.8)
Cause of Tumor Progression, n (% of subgroup)

Progression Beyond Milan Criteria 23 (57.5)
Unable to Downstage Within Milan 5(12.5)
AFP Persistently > or Increasing to > 1000 ng/mL 12 (30)

Abbreviations: Alpha-Fetoprotein (AFP).

3.2. Biomarker Associations with HCC Progression, Threshold Levels

The established biomarker positive levels for the HCC surveillance assay are
AFP > 20 ng/mL, AFP-L3 > 10%, and DCP > 7.5 ng/mL. When applied to pre-surgical
HCC recurrence risk, threshold values range much higher with a wide variance for each
biomarker across the literature. With the goal of assessing bridge to LT prognosis using
biomarker expression at diagnosis, surveillance-relevant threshold values were prioritized.
Surveillance thresholds were confirmed as setpoints using ROC analysis of the biomarker
baseline with HCC progression risk in patients with LT or HCC progression at the primary
endpoint (n = 81). Each biomarker was significantly associated with HCC progression risk
(p < 0.001), including AFP at diagnosis as well as each individual biomarker assessed prior
to first-line LDT (Table 3). ROC analysis for each biomarker revealed maximum area under
the curve targets of 8§ ng/mL for AFP, 13% for AFP-L3%, 2.5 ng/mL for absolute AFP-L3, and
6.1 ng/mL for DCP. For subsequent analysis, ROC values below surveillance recommendation
were utilized at the recommendation (AFP > 20 ng/mL and DCP > 7.5 ng/mL), with the
AFP-L3 fraction above surveillance recommendation rounded from 13% to >15%.

Table 3. Univariate Analysis of AFP, AFP-L3%, and DCP with Bridge to Transplant Outcome of HCC Progression after

Liver-Directed Therapy.

Primary Endpoint (n = 81)

Circulating HCC Biomarkers p-Value Max AUC OR (95% CI)
Baseline Serum AFP, ng/mL <0.001 13 ng/mL

Elevated Serum AFP, > vs. <20 ng/mL <0.001 5.06 (1.96-13.08)
Pretreatment AFP, ng/mL 0.003 8.3 ng/mL

Elevated Pre-Procedure AFP, > vs. <20 ng/mL <0.001 5.03 (1.96-12.91)
Pretreatment AFP-L3 Fraction, (%) 0.0154 12.6%

Elevated Pre-Procedure AFP-L3%, > vs. <15% 0.005 3.63 (1.44-9.13)
Absolute AFP-L3, ng/mL 0.007 2.5ng/mL

Elevated Pre-Procedure AFP-L3, > vs. <2.7 ng/mL <0.001 10.91 (3.86-30.80)
Des-gamma-carboxy prothrombin, ng/mL <0.001 6.1 ng/mL

Elevated Pre-Procedure DCP, > vs. <7.5ng/mL <0.001 8.75 (2.99-25.57)

Abbreviations: Receiver Operating Characteristic (ROC), Alpha-Fetoprotein (AFP), Lens culinaris Agglutinin-Reactive Alpha-Fetoprotein
(AFP-L3), Des-Gamma-Carboxy Prothrombin (DCP), Hepatocellular Carcinoma (HCC), Area Under the Curve (AUC), Odds Ratio (OR),
95% Confidence Interval (95% CI).
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3.3. Diversity in AFP, AFP-L3%, and DCP Profile in Treatment Naive, Bridge to LT Patients

Biomarker profiles were then analyzed after converting continuous levels to binary
positive/negative levels (Figure 2A). Analysis of the baseline cohort (n = 140) revealed that
53/140 (38%) patients were triple negative for the biomarkers prior to first-line LDT with
the remaining cohort expressing at least one biomarker (Table 4). Triple negative patients
had a smaller index tumor diameter (p = 0.003), less multifocal disease (p = 0.010), and
an improved ORR (triple negative 62%, any biomarkers 46%). There was no difference
in general demographics, etiology of cirrhosis, or preserved liver function based on the
expression of any biomarker compared to triple negative.

A AFP

> 20 ng/mL 15

18
(13%)

AFP-L3%
> 15%

(3.6%) (3.6%)

Triple Negative
53 (38%)

B Biomarkers Prior to LDT

Total=140

Figure 2. Biomarker Profile and Status Prior to LDT. (A) Venn diagram showing overlapping
expression of the biomarkers by total number with percentage of the cohort in brackets. Biomarker
triple negative patients are identified in the box next to the diagram. (B) Biomarker breakdown based
on count of total biomarkers and labeled by percentage of the entire study cohort.
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Table 4. Baseline Factors Stratified by Biomarker Status.

Cohort n = 140

Biomarker Positive Cohort n = 87

Triple Any . . .

General Demographics Negative Biomarkers p Value 1 Biomarker 2 Biomarkers 3 Biomarkers p Value
(n=43) (n =25) n=19)

(n =53) (n=87)
Legal Sex, male (%) 41 (77) 63 (72) 0.556 31(72) 17 (68) 15 (72) 0.723
Age at LDT, years (IQR) 64 (60-66) 62 (59-67) 0.486 62 (58-66) 62 (59-67) 64 (60-67) 0.528
Race, n Caucasian (%) 36 (68) 57 (66) 0.770 29 (67) 18 (72) 10 (53) 0.389
Cirrhosis Background
Etiology, n HCV (%) 34 (64) 62 (71) 0.456 30 (70) 18 (72) 14 (74) 0.947
HCV Status, 1 (% of subgroup)
Viremic, n (% of HCV) 16 (47) 39 (63) 0.195 21 (70) 8 (44) 10 (71) 0.162
Liver Function Labs
Sodium, mM (IQR) 138 (137-140) 139 (137-141) 0.550 138 (137-140) 139 (136-142) 140 (137-141) 0.588
Creatinine, mg/dL (IQR) 0.9 (0.8-1.1) 0.9 (0.8-1.1) 0.557 0.9 (0.8-1.1) 0.8 (0.8-0.9) 0.9 (0.8-1.4) 0.334
Bilirubin, mg/dL (IQR) 1.1 (0.7-1.8) 1.1 (0.6-1.5) 0.278 0.8 (0.5-1.5) 1.1 (0.6-1.6) 1.2 (0.8-1.8) 0.229
INR, ratio (IQR) 1.1 (1.0-1.3) 1.1 (1.0-1.2) 0.970 1.1 (1.0-1.2) 1.1 (1.0-1.3) 1.1(1.1-1.2) 0.679
MELD-Na, score (IQR) 11 (8-13) 11 (8-14) 0.704 11 (8-13) 10 (7-15) 11 (10-14) 0.549
Albumin, g/dL (IQR) 3.3(3.0-3.7) 3.4 (2.9-3.7) 0.776 3.4 (2.9-3.7) 3.5(2.9-3.8) 3.2 (2.9-3.6) 0.756
Radiographic HCC Burden
Multifocal, 1 (%) 5(9) 25(29) 0.010 12 (28) 5(20) 8 (42) 0.272
Largest Lesion, cm (IQR) 2.6 (2.1-3.3) 3.2(24-4.1) 0.003 3.0 (2.3-4.0) 2.9 (2.5-4.0) 3.8(2.84.8) 0.105
Milan Criteria, 1 (%) 48 (91) 67 (77) 0.067 33(77) 22 (88) 12 (63) 0.149
Liver-Directed Therapy
First-Line Modality, 1 (%) 0.134 0.993
DEE-TACE 23 (43) 31 (36) 15 (35) 9 (36) 7 (37)
N0y 15 (28) 39 (45) 19 (44) 11 (44) 9 (47)
MWA 15 (28) 17 (19) 9 (21) 5(20) 3 (16)
mRECIST
Response Level, n (%) 0.011 0.799
Objective Response (CR/PR) 39 (74) 46 (53) 23 (53) 14 (56) 9 (47)
Non-Objective Response (SD/DP) 12 (23) 39 (45) 18 (42) 11 (44) 10 (53)
No Follow-up Imaging 2(3.8) 2(2.3) 24.7) 0(0) 0(0)

Abbreviations: Hepatocellular Carcinoma (HCC), Liver-Directed Therapy (LDT), Interquartile Range (IQR), Hepatitis C (HCV), International
Normalized Ratio (INR), Model of End-Stage Liver Disease (MELD-Na), Drug-Eluting Embolic Transarterial Chemoembolization (DEE-
TACE), Yittrium-90 Radioembolization (°°Y), Microwave Ablation (MWA), Complete Response (CR), Partial Response (PR), Stable Disease
(SD), Disease Progression (DP). Continuous variables analyzed using Mann-Whitney. Categorical binary variables analyzed by two-way
Fisher’s Exact Test. Categorical variables with more than two levels analyzed using Chi Square.

Within the 87/140 (62%) total patients testing biomarker-positive, the expression
patterns between AFP, AFP-L3, and DCP were spread across all possible phenotypes. The
most prevalent expression pattern was biomarker triple positive (19/87 (22%)). Although
AFP was the most frequently expressed biomarker (57/87 (66%)), there was substantial
diversity in AFP phenotype with only 18/57 (32%) AFP positives expressing only the AFP
biomarker. Conversely, 69/87 (79%) patients in the cohort expressed either AFP-L3% or
DCP at baseline, with 30/87 (34%) patients expressing only AFP-L3% or DCP.

3.4. Associations between Biomarker Accumulation with Baseline Prognostic Factors and Response
to LDT

With substantial diversity in biomarker profiles, the numerical accumulation of
biomarkers was examined to increase the size of subgroups for subsequent analysis. The
biomarker expression pattern decreased from triple negative to triple positive with 53 /140
(38%) triple negative patients, 43/140 (31%) expressing one, 25/140 (18%) expressing two,
and 19/140 (14%) expressing all three biomarkers (Figure 2B). The relationship between
demographic variables as well as cirrhosis- and HCC-linked baseline factors was then in-
vestigated as the biomarker number accumulated (Table 4). Comparisons among biomarker
expressing groups revealed no significant differences among general demographic factors
or variables linked to the progression of cirrhosis with increasing biomarker expression.
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Notably, there was also no difference in baseline HCC burden or ORR across biomarker
expression levels, although the frequency of multifocal disease and the size of the index
HCC trended higher in the triple biomarker group.

3.5. LDT Baseline Factors, Biomarker Expression and Accumulation in Bridge to LT Prognosis

Univariate analysis was performed to analyze the role of treatment baseline factors
as well as biomarker expression and accumulation on TTP after first-line LDT (Table 5).
Baseline variables covering general demographics, cirrhosis background, and liver function
were not associated with TTP. Radiographic HCC burden, a biomarker positive for AFP,
AFP-L3, or DCP individually, and the total number of biomarkers were each associated
with TTP in univariate analysis. The accumulation of biomarkers from 0 to 1 and from 1
to 2 decreased survival odds with an increase from 2 to 3 not reaching significance. Two
approaches were used to incorporate biomarker data in the multivariate model. The first
model utilized only the individual biomarkers (AFP, AFP-L3%, and DCP), while the second
model utilized only the numerical accumulation of positive biomarkers. Since multifocal
burden and index HCC diameter are incorporated in Milan Criteria, only Milan Criteria
were utilized in the multivariate model to account for HCC radiographic burden.

Controlling for Milan Criteria, the AFP and DCP biomarkers at baseline were each
associated with TTP. Baseline AFP had the higher HR of 4.6 with DCP having a 2.4 HR. The
second multivariate model was controlled for Milan Criteria and utilized the accumulation
of biomarkers grouped as triple negative (0 biomarkers), 1 biomarker, or 2-3 biomarkers
based on the results of the univariate analysis. Baseline biomarker positives were associated
with TTP, with the greatest HR of 4.8 with an increase from 1 to 2-3 biomarkers and a
3.3 HR from an increase of 0 to 1 biomarker.

Table 5. Univariate Analysis of AFP, AFP-L3%, and DCP with Bridge to Transplant Outcome of HCC Progression after

Liver-Directed Therapy.

Cohort (n = 140) Univariate Multivariate Model 1 Multivariate Model 2
General Demographics p Value HR (95%CI) p Value HR (95%CI) p Value HR (95%CI)
Legal Sex, male vs. female 0.230

Age at LDT, years (IQR) 0.253

Race, Caucasian/White vs. Other 0.948

Cirrhosis Background

Etiology, HCV vs. Other 0.299

HCV Status 0.574

Viremic vs. SVR 0.866

Viremic vs. non-HCV 0.304

SVR vs. non-HCV 0.433

Liver Function Labs

Sodium, mM (IQR) 0.871

Creatinine, mg/dL (IQR) 0.786

Bilirubin, mg/dL (IQR) 0.907

INR, ratio (IQR) 0.946

MELD-Na, score (IQR) 0.828

Albumin, g/dL (IQR) 0.277

Radiographic HCC Burden

Multifocal vs. Unifocal 0.015 2.46 (1.21-4.82)

Largest Lesion, units of 1 cm <0.001 1.45 (1.24-1.67)

Outside vs. Within Milan Criteria <0.001 3.67 (1.77-7.35) 0.044 2.21 (1.02-4.67) 0.015 2.51 (1.21-5.06)
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Table 5. Cont.

Cohort (n = 140) Univariate Multivariate Model 1 Multivariate Model 2
General Demographics p Value HR (95%CI) p Value HR (95%CI) p Value HR (95%CI)
Circulating HCC Biomarkers
6.56 4.59
Pre-Procedure AFP, > vs. <20 ng/mL <0.001 (3.07-15.70) <0.001 (2.02-11.56)
Pre-Procedure AFP-L3%, > vs. <15% <0.001 3.18 (1.66-6.33) 0.073 1.90 (0.94-3.95)
Pre-Procedure DCP, > vs. <7.5 ng/mL <0.001 4.54 (2.39-8.82) 0.023 2.37 (1.13-5.00)
Positive biomarkers <0.001 <0.001
3.80

Ovs. 1 0.024 (1.18-16.83)
1vs.2 0.010 3.46 (1.35-9.28)
2vs. 3 0.055 2.18 (0.98-4.96)
Ovs. 1 0.044 3.34

’ ' (1.03-14.85)

4.80

1vs.2-3 <0.001 (2.18-11.78)
Liver-Directed Therapy
First-Line Modality, 1 (%) 0.139
DEE-TACE vs. 0Y 0.881
DEE-TACE vs. MWA 0.074
DY vs. MWA 0.067

Abbreviations: Hazard Ratio [3], 95% Confidence Interval (95% CI), Liver-Directed Therapy (LDT), Interquartile Range (IQR), Hepatitis
C (HCV), Sustained Virologic Response (SVR), International Normalized Ratio (INR), Model of End-Stage Liver Disease (MELD-Na),
Alpha-Fetoprotein (AFP), Lens culinaris Agglutinin-Reactive Alpha-Fetoprotein (AFP-L3), Des-Gamma-Carboxy Prothrombin (DCP),
Drug-Eluting Embolic Transarterial Chemoembolization (DEE-TACE), Yittrium-90 Radioembolization (°%Y), Microwave Ablation (MWA).

3.6. Time to Progression by Biomarker Count and First-Line Complete Response to LDT

Kaplan-Meier curves were then used to analyze time to progression following LDT
associated with the biomarker baseline and examine the complete response rate (CRR) as a
function of biomarker accumulation. CRR provides a well characterized, post-LDT prognostic
measure associated with TTP. Reference points of 180 days post-LDT (corresponding to
the 6-month minimum time point to receive waitlist MELD exception points to increase
LT prioritization) and 275 days post-LDT (representing the center’s median time from first-
line LDT to LT) were used. Survival rates for the cohort were 85% at 180 days and 76% at
275 days, with a median survival of 775 days (Figure 3A). Stratifying survival by the number
of biomarkers at baseline resulted in significant survival outcomes, with median survival
decreasing with an increasing number of biomarkers. Median survival from triple negative
accumulating to triple positive was 994 (0), 799 (1), 406 (2), and 181 (3) days (Figure 3B). The
180-day survival percentages for triple negative (0), single (1), double (2), and triple positive
(3) were 98%, 87%, 83%, and 53%. At the LDT to LT median of 275 days, survival percentages
increasing from triple negative to triple positive were 98%, 84%, 61%, and 36%.

Initial analysis of ORR (complete or partial response) revealed a higher response rate
in triple negative biomarker patients with a similar ORR profile among patients expressing
one to all three biomarkers. The high survival rate in biomarker triple negative patients
and rapid post-LDT progression rate in biomarker triple positive patients prompted the
analysis of CRR (Figure 3C). Triple negative biomarker patients had a 63% CRR, which
plummeted to 12% in biomarker triple positive patients.
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Figure 3. Time to Progression and First Line LDT Response by Biomarker Count. (A) Kaplan Meier curve of time to
progression for the entire study cohort with total surviving patients at each time listed in the table below the graph.
(B) Kaplan Meier curve of time to progression stratified by total biomarker count. (C) Percentage of patients with a complete
re-sponse to first line LDT broken down by initial biomarker count. P value indicates significance in Chi Square Likelihood
Ratio Test. Censored data in the Kaplan Meier curves is marked with a vertical upward dash.

4. Discussion

This study examined bridge to LT prognosis associated with baseline expression
of the biomarkers AFP-L3 and DCP in combination with the clinical standard AFP. The
study population received first-line LDT for HCC at a high-volume (60 LT/year with
primary indication of HCC), short wait-time (median 275 days from first-line LDT to LT)
center. The AFP level has prognostic implications throughout the bridge to LT timeline,
including overall survival, post-LDT prognosis, presurgical recurrence risk, and post-LT
surveillance [21,24-26]. In Japan and other parts of Asia, AFP is used in combination with
AFP-L3% and DCP for HCC surveillance and the combined panel is studied in the context
of overall, post-surgical, and recurrence-free survival outcomes [9-12,14-17].

With increased detection of early-stage disease due to HCC surveillance programs,
AFP levels at diagnosis continue to historically decline. The median AFP at diagnosis
for our center has declined annually from 34 ng/mL in 2016, to 15 ng/mL in 2017, and
8.4 ng/mL in 2018. Despite these trends in early-stage diagnosis and AFP biomarker levels,
first-line ORR in bridge to LT remains highly variable in the literature (23-94%) [27-32],
with up to 25% of candidates experiencing HCC progression while awaiting LT [33-35].
With a potentially increasing incidence of AFP negativity and AFP < 20 ng/mL, the ability
to assess baseline prognosis using a single biomarker will become extremely limited. To
address this limitation, AFP, AFP-L3%, and DCP were assessed in patients receiving LDT as
a bridge to LT and utilized to assess prognosis based on combined biomarker expression. In
a 4-year, 140-patient prospective study, positive expression of each biomarker individually
was associated with the risk of HCC progression following LDT. This is in agreement
with recent reviews showing AFP-L3% and DCP are each associated with aggressive HCC
biology and overall prognosis [36,37], albeit using a wide range of threshold values. The
positive thresholds used in this study are consistent with their use in HCC surveillance
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while also mirroring values recently validated for the pre-surgical assessment of HCC
recurrence risk prior to LT [19,38,39].

At baseline, 62% of patients expressed at least one biomarker using the positive
thresholds AFP > 20 ng/mL, AFP-L3% > 15%, and DCP > 7.5 ng/mL. Multivariate analysis
controlling for Milan Criteria status revealed the baseline expression of two or more
biomarkers was associated with the highest risk of bridge to LT tumor progression. In the
multivariate analysis focused on the individual biomarkers, AFP > 20 ng/mL (HR 4.59)
and DCP > 7.5 ng/mL (HR 2.37) were the only biomarkers associated with progression risk.
A recent meta-analysis of multi-stage HCC patients receiving DEE-TACE demonstrated
inferior progression-free survival/OS outcomes in patients positive for DCP prior to
treatment [37]. A positive DCP biomarker prior to LT was also associated with recurrence
risk post-LT [18].

The biomarker triple negative rate in this study (38%) mirrors the 40% rate observed
at diagnosis in the 2600-patient Japanese BALAD cohort [40]. Biomarker triple negative
patients (53/140) had lower disease burden at diagnosis, superior ORR and CRR profiles,
and only one instance of HCC progression. Although first-line ORR and CRR have been
associated with excellent bridge to LT and overall prognosis [41-43], these results support
that biomarker triple negative patients are ideal bridge to LT candidates. Treatment to
biomarker triple negative status could be the most critical factor associated with post-LT
recurrence risk and warrants further prospective study.

The resulting profiles among biomarker-positive patients were diverse, with no single
subtype having an incidence greater than 25%. Although AFP was the most frequent
biomarker, only 18 of the 57 AFP-positive patients were also negative for AFP-L3% and
DCP. This is consistent with other AFP, AFP-L3%, and DCP panel studies supporting
biomarker diversity in AFP-positive HCC, which may have important implications in HCC
biological aggressiveness and the optimal selection of a first-line LDT modality.

To address the diverse biomarker phenotypes, the numerical accumulation of biomark-
ers was utilized as recently described [19] and consistent with their use in the BALAD
and GALAD prognosis/surveillance indices [18,44,45]. Biomarker accumulation was not
associated with demographic or etiological factors. However, total HCC burden and the
size of the index HCC trended higher with an increasing number of biomarkers, with only
62% of biomarker triple positive patients initially presenting within Milan Criteria. Patients
beyond Milan Criteria at diagnosis and presenting with more than one biomarker (10/140)
had a dismal post-LDT prognosis, with all patients experiencing HCC progression. This
contrasts with triple negative or single biomarker patients, where 1-year post-LDT survival
rates were 98% and 84%, respectively. These data align with several studies demonstrating
an association between biomarker accumulation and poor recurrence-free and overall
survival [13,16,18,19]. In 13 patients initially beyond Milan Criteria who experienced clini-
cal disease progression, 10/13 had >2 biomarkers prior to first-line LDT. The number of
positive biomarkers could be critical in selecting patients beyond Milan Criteria amendable
to downstaging with LDT.

This single-center study was designed to evaluate the role of baseline biomarker
expression with post-LDT prognosis in the bridge to LT HCC. Limitations of the study
are as follows. During the study period, our center shifted from DEE-TACE to Y as the
first-line LDT modality for non-ablatable HCC. As a result, post-LDT biomarker analysis
was excluded from the analysis due to modality-specific follow-up periods. Bias in the
follow-up time for this multi-modality cohort and limitations in the intergroup cohort size
precluded analysis. The first-line LDT modality may have important implications in ORR,
retreatment approach, and ultimately HCC progression risk. Center-specific approaches to
first-line LDT as a bridge to LT may limit the generalization of the results to other centers.
Further, this study was conducted at a high-volume, short wait-time center, resulting in
post-LDT surveillance and time to transplant periods that may not be translatable to other
patient cohorts. This single center study will require multicenter validation to control for
regional differences in HCC cohorts, multidisciplinary HCC board algorithms, and LT
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center-specific factors influencing the relationship between baseline biomarker profiles and
bridge to LT outcomes.

5. Conclusions

This study highlights the value of the combined assessment of AFP, AFP-L3%, and
DCP in treating naive HCC undergoing LDT as a bridge to LT. Biomarker status may
identify ideal candidates for LDT, with biomarker triple negative patients having improved
ORR and superior TTP. In addition, the accumulation of biomarkers at baseline is a critical
risk factor for 1-year HCC progression after LDT. A potential relationship between the
post-LDT decrease in biomarkers to triple negative and progression-free/recurrence-free
survival warrants further investigation. At baseline, the biomarker profile helps refine
HCC progression risk, which may have important implications in selecting a first-line LDT
modality and minimum waitlist period for LT. In conclusion, these results highlight the
need for a more comprehensive HCC biomarker panel to determine ideal candidates as
well as the optimal first-line LDT modality as a bridge to LT.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ cancers13194765/s1, Figure S1: Correlations between Absolute AFP-L3 and Plasma AFP and
Serum and Plasma AFP Values.

Author Contributions: Conceptualization, K.G.N., A.J.C. and P.T,; Data curation, K.G.N., T.S,, ].P,
M.H. and I.C.; Formal analysis, KG.N., T.S., D.F. and P.T.; Funding acquisition, A.J.C. and P.T,;
Writing—original draft, K.G.N. and P.T.; Writing—review and editing, K.G.N., A.J.C. and P.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by a research grant from FUJIFILM WAKO Diagnostics
awarded to AJC and PT to defer the costs associated with patient recruitment, patient consent,
specimen collection, specimen processing, and biomarker assay. The sponsor did not participate in
data analysis, interpretation, or manuscript preparation.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Ochsner Health (protocol
code 2016.131.B) with current approval as of 3 January 2021.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: PT served as a paid consultant for FUJIFILM WAKO Diagnostics. The other
authors have no conflicts of interest to disclose. The funders had no role in the design of the study; in
the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision

to publish the results.

References

1. Torre, L.A.; Bray, F; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA Cancer J. Clin. 2015, 65,
87-108. [CrossRef]

2. TToso, C.; Asthana, S.; Bigam, D.L.; Shapiro, A.M.].; Kneteman, N.M. Reassessing selection criteria prior to liver transplantation
for hepatocellular carcinoma utilizing the scientific registry of transplant recipients database. Hepatology 2009, 49, 832-838.
[CrossRef]

3. Schraiber Ldos, S.; de Mattos, A.A.; Zanotelli, M.L.; Cantisani, G.; Brandao, A.B.; Marroni, C.A.; Kiss, G.; Ernani, L.; Marcon,
P.D.S. Alpha-fetoprotein Level Predicts Recurrence After Transplantation in Hepatocellular Carcinoma. Medicine 2016, 95, e2478.
[CrossRef]

4. Cerban, R;; Ester, C,; Iacob, S.; Grasu, M.; Paslaru, L.; Dumitru, R.; Lupescu, L; Constantin, G.; Croitoru, A.; Gheorghe, L.
Predictive Factors of Tumor Recurrence and Survival in Patients with Hepatocellular Carcinoma treated with Transarterial
Chemoembolization. |. Gastrointest. Liver Dis. 2018, 27, 409-417. [CrossRef]

5. Bannangkoon, K.; Hongsakul, K.; Tubtawee, T.; McNeil, E.; Sriplung, H.; Chongsuvivatwong, V. Rate and Predictive Factors

for Sustained Complete Response after Selective Transarterial Chemoembolization (TACE) in Patients with Hepatocellular
Carcinoma. Asian Pac. ]. Cancer Prev. 2018, 19, 3545-3550. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers13194765/s1
https://www.mdpi.com/article/10.3390/cancers13194765/s1
http://doi.org/10.3322/caac.21262
http://doi.org/10.1002/hep.22693
http://doi.org/10.1097/MD.0000000000002478
http://doi.org/10.15403/jgld.2014.1121.274.fcr
http://doi.org/10.31557/APJCP.2018.19.12.3545

Cancers 2021, 13, 4765 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Nicolini, D.; Agostini, A.; Montalti, R.; Mocchegiani, F; Mincarelli, C.; Mandolesi, A.; Robertson, N.L.; Candelari, R;
Giovagnoni, A.; Vivarelli, M. Radiological response and inflammation scores predict tumour recurrence in patients treated with
transarterial chemoembolization before liver transplantation. World J. Gastroenterol. 2017, 23, 3690-3701. [CrossRef]

Makuuchi, M.; Kokudo, N.; Arii, S.; Futagawa, S.; Kaneko, S.; Kawasaki, S.; Matsuyama, Y.; Okazaki, M.; Okita, K,;
Omata, M.; et al. Development of evidence-based clinical guidelines for the diagnosis and treatment of hepatocellular carcinoma
in Japan. Hepatol. Res. 2008, 38, 37-51. [CrossRef]

Song, P.P.; Gao, ].J.; Kokudo, N.; Dong, J.H.; Tang, W. “Knowledge into action” Exploration of an appropriate approach for
constructing evidence-based clinical practice guidelines for hepatocellular carcinoma. Biosci. Trends. 2012, 6, 147-152. [CrossRef]
Tada, T.; Kumada, T.; Toyoda, H.; Kiriyama, S.; Sone, Y.; Tanikawa, M.; Hisanaga, Y.; Kitabatake, S.; Kuzuya, T.; Nonogaki, K.; et al.
Relationship between Lens culinaris agglutinin-reactive alpha-fetoprotein and pathologic features of hepatocellular carcinoma.
Liver Int. 2005, 25, 848-853. [CrossRef]

Yamamoto, K.; Imamura, H.; Matsuyama, Y.; Hasegawa, K.; Beck, Y.; Sugawara, Y.; Makuuchi, M.; Kokudo, N. Significance of
alpha-fetoprotein and des-gamma-carboxy prothrombin in patients with hepatocellular carcinoma undergoing hepatectomy.
Ann. Surg. Oncol. 2009, 16, 2795-2804. [CrossRef]

Tamura, Y.; Suda, T.; Arii, S.; Sata, M.; Moriyasu, F; Imamura, H.; Kawasaki, S.; Izumi, N.; Takayama, T.; Kokudo, N.; et al. Value
of highly sensitive fucosylated fraction of alpha-fetoprotein for prediction of hepatocellular carcinoma recurrence after curative
treatment. Dig. Dis. Sci. 2013, 58, 2406-2412. [CrossRef]

Huang, C.; Sheng, S.; Sun, X,; Liu, J.; Huang, G. Lens culinaris agglutinin-reactive x-fetoprotein decline after transcatheter arterial
chemoembolization in patients with hepatocellular carcinoma predicts survival. Clin. Chim. Acta 2014, 431, 232-238. [CrossRef]
Nakagawa, S.; Hayashi, H.; Nitta, H.; Okabe, H.; Sakamoto, K.; Higashi, T.; Kuroki, H.; Imai, K.; Hashimoto, D.;
Sakamoto, Y.; et al. Scoring system based on tumor markers and Child-Pugh classification for HCC patients who un-
derwent liver resection. Anticancer. Res. 2015, 35, 2157-2163.

Ueno, M.; Hayami, S.; Shigekawa, Y.; Kawai, M.; Hirono, S.; Okada, K.; Tamai, H.; Shingaki, N.; Mori, Y.; Ichinose, M.; et al.
Prognostic impact of surgery and radiofrequency ablation on single nodular HCC 5 cm: Cohort study based on serum HCC
markers. J. Hepatol. 2015, 63, 1352-1359. [CrossRef]

Ichikawa, T.; Machida, N.; Sasaki, H.; Tenmoku, A.; Kaneko, H.; Negishi, R.; Oi, I.; Fujino, M.A. Early Prediction of the
Outcome Using Tumor Markers and mRECIST in Unresectable Hepatocellular Carcinoma Patients Who Underwent Transarterial
Chemoembolization. Oncology 2016, 91, 317-330. [CrossRef]

Ryu, T; Takami, Y.; Wada, Y.; Tateishi, M.; Matsushima, H.; Mikagi, K.; Saitsu, H. Double- and Triple-Positive Tumor Markers
Predict Early Recurrence and Poor Survival in Patients with Hepatocellular Carcinoma within the Milan Criteria and Child-Pugh
Class A. |. Gastrointest. Surg. 2017, 21, 957-966. [CrossRef]

Seino, S.; Tsuchiya, A.; Watanabe, Y.; Kawata, Y.; Kojima, Y.; Ikarashi, S.; Yanai, H.; Nakamura, K.; Kumaki, D.; Hirano, M.; et al.
Clinical outcome of hepatocellular carcinoma can be predicted by the expression of hepatic progenitor cell markers and serum
tumour markers. Oncotarget 2018, 9, 21844-21860. [CrossRef]

Chaiteerakij, R.; Zhang, X.; Addissie, B.D.; Mohamed, E.A.; Harmsen, W.S.; Theobald, PJ.; Peters, B.E.; Balsanek, ].G.; Ward, M.M.;
Giama, N.H.; et al. Combinations of biomarkers and Milan criteria for predicting hepatocellular carcinoma recurrence after liver
transplantation. Liver Transplant. 2015, 21, 599-606. [CrossRef] [PubMed]

Wongjarupong, N.; Negron-Ocasio, G.M.; Chaiteerakij, R.; Addissie, B.D.; Mohamed, E.A.; Mara, K.C.; Harmsen, W.S.; Theobald,
J.P; Peters, B.E.; Balsanek, J.G.; et al. Model combining pre-transplant tumor biomarkers and tumor size shows more utility in
predicting hepatocellular carcinoma recurrence and survival than the BALAD models. World ]. Gastroenterol. 2018, 24, 1321-1331.
[CrossRef]

Kotwani, P.; Chan, W.; Yao, F; Mehta, N. DCP and AFP-L3 Are Complementary to AFP in Predicting High-Risk Explant Features:
Results of a Prospective Study. Clin. Gastroenterol. Hepatol. 2021. [CrossRef]

Heimbach, J.K.; Kulik, L.M.; Finn, R.S.; Sirlin, C.B.; Abecassis, M.M.; Roberts, L.R.; Zhu, A.X.; Murad, M.H.; Marrero, J.A. AASLD
guidelines for the treatment of hepatocellular carcinoma. Hepatology 2018, 67, 358-380. [CrossRef] [PubMed]

Padia, S.A.; Lewandowski, R.J.; Johnson, G.E.; Sze, D.Y.; Ward, T.J.; Gaba, R.C.; Baerlocher, M.O.; Gates, V.; Riaz, A.;
Brown, D.B,; et al. Radioembolization of Hepatic Malignancies: Background, Quality Improvement Guidelines, and Future
Directions. J. Vasc. Interv. Radiol. 2017, 28, 1-15. [CrossRef] [PubMed]

Lencioni, R.; Llovet, ]. M. Modified RECIST (mRECIST) Assessment for Hepatocellular Carcinoma. Semin. Liver Dis. 2010, 30,
52-60. [CrossRef]

Mehta, N.; Heimbach, J.; Harnois, D.M.; Sapisochin, G.; Dodge, J.L.; Lee, D.; Burns, ].M.; Sanchez, W.; Greig, P.D.; Grant, D.R,;
et al. Validation of a Risk Estimation of Tumor Recurrence After Transplant (RETREAT) Score for Hepatocellular Carcinoma
Recurrence After Liver Transplant. JAMA Oncol. 2017, 3, 493-500. [CrossRef]

Feng, J.; Zhu, R.; Feng, D; Yu, L.; Zhao, D.; Wu, J.; Yuan, C.; Chen, J.; Zhang, Y.; Zheng, X. Prediction of Early Recurrence of
Solitary Hepatocellular Carcinoma after Orthotopic Liver Transplantation. Sci. Rep. 2019, 9, 15855. [CrossRef]

Mehta, N.; Dodge, J.L.; Grab, ].D.; Yao, E.Y. National Experience on Down-Staging of Hepatocellular Carcinoma Before Liver
Transplant: Influence of Tumor Burden, Alpha-Fetoprotein, and Wait Time. Hepatology 2020, 71, 943-954. [CrossRef]

Song, ].E.; Kim, D.Y. Conventional vs. drug-eluting beads transarterial chemoembolization for hepatocellular carcinoma. World J.
Hepatol. 2017, 9, 808-814. [CrossRef]


http://doi.org/10.3748/wjg.v23.i20.3690
http://doi.org/10.1111/j.1872-034X.2007.00216.x
http://doi.org/10.5582/bst.2012.v6.3.147
http://doi.org/10.1111/j.1478-3231.2005.01111.x
http://doi.org/10.1245/s10434-009-0618-y
http://doi.org/10.1007/s10620-013-2661-6
http://doi.org/10.1016/j.cca.2014.02.009
http://doi.org/10.1016/j.jhep.2015.07.013
http://doi.org/10.1159/000448 
http://doi.org/10.1007/s11605-017-3394-1
http://doi.org/10.18632/oncotarget.25074
http://doi.org/10.1002/lt.24117
http://www.ncbi.nlm.nih.gov/pubmed/25789635
http://doi.org/10.3748/wjg.v24.i12.1321
http://doi.org/10.1016/j.cgh.2021.01.043
http://doi.org/10.1002/hep.29086
http://www.ncbi.nlm.nih.gov/pubmed/28130846
http://doi.org/10.1016/j.jvir.2016.09.024
http://www.ncbi.nlm.nih.gov/pubmed/27836405
http://doi.org/10.1055/s-0030-1247132
http://doi.org/10.1001/jamaoncol.2016.5116
http://doi.org/10.1038/s41598-019-52427-8
http://doi.org/10.1002/hep.30879
http://doi.org/10.4254/wjh.v9.i18.808

Cancers 2021, 13, 4765 16 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Sandow, T; Pavlus, J.; Field, D.; Lacayo, E.; Cohen, E.; Lynskey, G.; Caridi, T.; Buckley, D.; Cardella, J.; Kallakury, B.; et al. Bridging
Hepatocellular Carcinoma to Transplant: Transarterial Chemoembolization Response, Tumor Biology, and Recurrence after
Transplantation in a 12-Year Transplant Cohort. J. Vasc. Interv. Radiol. 2019, 30, 995-1003. [CrossRef] [PubMed]

Serra, C.; Cucchetti, A.; Felicani, C.; Mosconi, C.; De Cinque, A.; Golfieri, R.; Andreone, P; Ercolani, G.; Maroni, L.;
Ravaioli, M,; et al. Assessment of Radiofrequency Ablation Efficacy for Hepatocellular Carcinoma by Histology and Pretransplant
Radiology. Liver Transplant. 2018, 25, 88-97. [CrossRef] [PubMed]

Kang, Y.J.; Lee, B.C.; Kim, ] K.; Yim, N.Y,; Kim, H.O.; Cho, S.B.; Jeong, Y.Y. Conventional Versus Small Doxorubicin-eluting Bead
Transcatheter Arterial Chemoembolization for Treating Barcelona Clinic Liver Cancer Stage 0/ A Hepatocellular Carcinoma.
Cardiovasc. Intervent. Radiol. 2020, 43, 55-64. [CrossRef]

Domaratius, C.; Settmacher, U.; Malessa, C.; Teichgraber, U. Transarterial chemoembolization with drug-eluting beads in patients
with hepatocellular carcinoma: Response analysis with mRECIST. Diagn. Interv. Radiol. 2021, 27, 85-93. [CrossRef]

Ghosn, M.; Derbel, H.; Kharrat, R.; Oubaya, N.; Mule, S.; Chalaye, J.; Regnault, H.; Amaddeo, G; Itti, E.; Luciani, A.; et al.
Prediction of overall survival in patients with hepatocellular carcinoma treated with Y-90 radioembolization by imaging response
criteria. Diagn. Interv. Imaging 2021, 102, 35—-44. [CrossRef]

Gutin, L.; Yao, F;; Dodge, J.L.; Grab, J.; Mehta, N. Comparison of Liver Transplant Wait-List Outcomes Among Patients with
Hepatocellular Carcinoma With Public vs. Private Medical Insurance. JAMA Netw. Open 2019, 2, e1910326. [CrossRef]

Lai, Q.; Vitale, A.; Iesari, S.; Finkenstedt, A.; Mennini, G.; Onali, S.; Hoppe-Lotichius, M.; Manzia, T.M.; Nicolini, D.;
Avolio, A.-W.; et al. The Intention-to-Treat Effect of Bridging Treatments in the Setting of Milan Criteria—In Patients Waiting for
Liver Transplantation. Liver Transplant. 2019, 25, 1023-1033. [CrossRef]

Pinero, F; Boin, I.; Chagas, A.; Quinonez, E; Marciano, S.; Vilatoba, M.; Santos, L., Anders, M.; Duque, S.H.;
Lima, A.S.; et al. Direct-Acting Antivirals and Hepatocellular Carcinoma: No Evidence of Higher Wait-List Progression
or Posttransplant Recurrence. Liver Transpl. 2020, 26, 640-650. [CrossRef]

Cheng, J.; Wang, W.; Zhang, Y.; Liu, X; Li, M.; Wu, Z,; Liu, Z.; Ly, Y.; Wang, B. Prognostic Role of Pre-Treatment Serum AFP-L3%
in Hepatocellular Carcinoma: Systematic Review and Meta-Analysis. PLoS ONE 2014, 9, e87011.

Yang, M.; Zhang, X.; Liu, J. Prognostic value of des-gamma-carboxy prothrombin in patients with hepatocellular carcinoma
treated with transarterial chemotherapy: A systematic review and meta-analysis. PLoS ONE 2019, 14, e0225170. [CrossRef]

Lai, Q.; Iesari, S.; Sandri, G.B.L.; Lerut, ]. Des-Gamma-Carboxy Prothrombin in Hepatocellular Cancer Patients Waiting for Liver
Transplant: A Systematic Review and Meta-Analysis. Int. . Biol. Markers 2017, 32, 370-374. [CrossRef]

Mahmud, N.; John, B.; Taddei, T.H.; Goldberg, D.S. Pre-transplant alpha-fetoprotein is associated with post-transplant hepatocel-
lular carcinoma recurrence mortality. Clin. Transplant. 2019, 33, €13634. [CrossRef] [PubMed]

Toyoda, H.; Kumada, T.; Osaki, Y.; Oka, H.; Urano, E; Kudo, M.; Matsunaga, T. Staging Hepatocellular Carcinoma by a Novel
Scoring System (BALAD Score) Based on Serum Markers. Clin. Gastroenterol. Hepatol. 2006, 4, 1528-1536. [CrossRef]

Kim, B.K.; Kim, S.U.; Kim, K.A.; Chung, Y.E.; Kim, M.-].; Park, M.-S; Park, ].Y.; Kim, D.Y.; Ahn, S.H.; Kim, M.D.; et al. Complete
response at first chemoembolization is still the most robust predictor for favorable outcome in hepatocellular carcinoma. J.
Hepatol. 2015, 62, 1304-1310. [CrossRef] [PubMed]

Zhang, Y.; Zhang, M.; Chen, M.; Mei, J.; Xu, L.; Guo, R; Lin, X; Li, ].; Peng, Z. Association of Sustained Response Duration with
Survival After Conventional Transarterial Chemoembolization in Patients with Hepatocellular Carcinoma. JAMA Netw. Open
2018, 1, €183213. [CrossRef] [PubMed]

Park, C.; Chu, H-H.; Kim, J. H.; Kim, S.Y.; AlRashidi, I.; Gwon, D.I,; Yoon, H.-K.; Kim, N. Clinical Significance of the Initial and
Best Responses after Chemoembolization in the Treatment of Intermediate-Stage Hepatocellular Carcinoma with Preserved Liver
Function. J. Vasc. Interv. Radiol. 2020, 31, 1998-2006.e1. [CrossRef] [PubMed]

Toyoda, H.; Tada, T.; Johnson, PJ.; Izumi, N.; Kadoya, M.; Kaneko, S.; Kokudo, N.; Ku, Y.; Kubo, S.; Kumada, T.; et al. Validation
of serological models for staging and prognostication of HCC in patients from a Japanese nationwide survey. J. Gastroenterol.
2017, 52, 1112-1121. [CrossRef] [PubMed]

Wongjarupong, N.; Negron-Ocasio, G.M.; Mara, K.C.; Prasai, K.; Abdallah, M.A.; Ahn, K.S.; Yang, ].D.; Addissie, B.D.; Giama,
N.H.; Harmsen, W.S.; et al. BALAD and BALAD-2 predict survival of hepatocellular carcinoma patients: A North American
cohort study. HPB (Oxford) 2020, 23, 762-769. [CrossRef]


http://doi.org/10.1016/j.jvir.2018.12.736
http://www.ncbi.nlm.nih.gov/pubmed/31109853
http://doi.org/10.1002/lt.25381
http://www.ncbi.nlm.nih.gov/pubmed/30415500
http://doi.org/10.1007/s00270-019-02349-9
http://doi.org/10.5152/dir.2020.19439
http://doi.org/10.1016/j.diii.2020.09.004
http://doi.org/10.1001/jamanetworkopen.2019.10326
http://doi.org/10.1002/lt.25492
http://doi.org/10.1002/lt.25744
http://doi.org/10.1371/journal.pone.0225170
http://doi.org/10.5301/ijbm.5000276
http://doi.org/10.1111/ctr.13634
http://www.ncbi.nlm.nih.gov/pubmed/31177570
http://doi.org/10.1016/j.cgh.2006.09.021
http://doi.org/10.1016/j.jhep.2015.01.022
http://www.ncbi.nlm.nih.gov/pubmed/25637785
http://doi.org/10.1001/jamanetworkopen.2018.3213
http://www.ncbi.nlm.nih.gov/pubmed/30646226
http://doi.org/10.1016/j.jvir.2020.04.017
http://www.ncbi.nlm.nih.gov/pubmed/32988715
http://doi.org/10.1007/s00535-017-1321-6
http://www.ncbi.nlm.nih.gov/pubmed/28224228
http://doi.org/10.1016/j.hpb.2020.09.014

	Introduction 
	Materials and Methods 
	Study Design, Setting, and Participants 
	Data Sources and Variables 
	Liver-Directed Therapy and Bridge to Transplant 
	Biomarker Measurements 
	Statistical Analysis 

	Results 
	Cohort Baseline Overview, Response to First-Line LDT, and Primary Study Outcomes 
	Biomarker Associations with HCC Progression, Threshold Levels 
	Diversity in AFP, AFP-L3%, and DCP Profile in Treatment Naive, Bridge to LT Patients 
	Associations between Biomarker Accumulation with Baseline Prognostic Factors and Response to LDT 
	LDT Baseline Factors, Biomarker Expression and Accumulation in Bridge to LT Prognosis 
	Time to Progression by Biomarker Count and First-Line Complete Response to LDT 

	Discussion 
	Conclusions 
	References

